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Summary 
Coronin is a protein involved in cell locomotion and 
cytokinesis of Dictyostelium discoideum. Here we 
show that coronin is strongly enriched in phagocytic 
cups formed in response to particle attachment. A fu- 
sion of coronin with green fluorescent protein (GFP) 
accumulates in the cups within less than 1 min upon 
attachment of a particle and is gradually released from 
the phagosome within 1 min after engulfment is com- 
pleted. Phagocytic cup formation competes with lead- 
ing edge formation and can be interrupted at any stage. 
When the cup regresses, coronin dissociates from the 
site of accumulation. TRITC-labeled yeast cells have 
been used to assay phagocytosis quantitatively in 
wild-type and coronin-null cells. In the mutant, the rate 
of uptake is reduced to about one third, which shows 
that coronin contributes to the efficiency of phagocy- 
tosis to about the same extent as it improves the speed 
of cell locomotion. 
Introduction 
Phagocytosis is induced by the attachment of particles 
to the surface of a phagocyte. A response common to 
Dictyostelium cells and neutrophils is the formation of a 
phagocytic cup at the site of attachment. Phagocytic cups 
are transient differentiations of the cell surface that are 
formed by the plasma membrane in association with the 
actin cortex. The rim of a cup extends around a particle, 
and the closure of this rim completes engulfment. 
Induction of a cell surface extension by attachment of 
a particle resembles the extension of a leading edge in a 
cell that is locally stimulated by chemoattractant. Common 
pathways may be used for signal transduction, and identi- 
cal proteins might regulate the cytoskeletal activities in- 
volved in cell locomotion and particle uptake. In Dictyostel- 
ium discoideum, the chemoattractant CAMP causes the 
accumulation of various actin-binding proteins with F-actin 
at an incipient leading edge (Condeelis, 1993; Kreitmeier 
et al., 1995). One of these proteins is coronin (de Hostos 
et al., 1991). This protein accumulates not only at leading 
edges but also in crown-shaped extensions on the dorsal 
cell surface, which are typical of the growth-phase stage. 
An involvement of coronin in cell locomotion and cytokine- 
sis has been demonstrated by the use of gene replace- 
ment mutants(de Hostos et al., 1993). In these coronin-null 
mutants, cell motility is reduced to less than half of the 
normal speed, and cytoplasmic cleavage is impaired. This 
defect results in multinucleate cellssimilar to those of myo- 
sin II-null mutants (Manstein et al., 1989). 
Thesimilarities between cell locomotion and phagocyto- 
sis have prompted us to investigate the involvement of 
coronin in phagocytosis. Here we show that coronin is 
enriched in phagocytic cups and study the dynamics of its 
relocalization using a fusion with green fluorescent protein 
(GFP) from Aequorea. Proof that coronin plays an im- 
portant role in phagocytosis is provided by a quantitative 
assay based on fluorescence quenching. With this assay 
the rate of yeast cell uptake is compared in wild-type and 
coronin-null mutant cells of D. discoideum. 
Results 
Cell Surface Changes Induced in D. discoideum 
Cells by Particles of Different Sizes 
Phagocytosis is initiated by adhesion of a particle to the 
surface of a Dictyostelium cell. Sometimes first contact is 
made at the tip of a filopod, which can bend around a 
particle (Figures 1A and 1 B). Attachment of a bacterium 
to the cell body initiates an extension of the ceil cortex, 
which spreads around the bacterium as a tube with a 
smooth border (Figures 1 A and 1 B). When a yeast cell is 
taken up, a thin-walled cup is formed with an irregular 
border, often ending in finger-like extensions that are 
attached to the particle (Figure 1C). There are no special- 
ized regions on the surface of the phagocyte where parti- 
cles can be taken up. Uptake can occur at the leading 
edge (Gerisch, 1964), but also at any other region of a 
Dictyostelium cell (Figures 1 A and 1 B). 
Localization of Actin-Binding Proteins 
during Phagocytosis 
In an attempt to identify proteins that are involved in phago- 
cytic cup formation, we have incubated cells of D. dis- 
coideum for 10 min with heat-killed yeast cells and have 
labeled them after fixation with phalloidin or with antibod- 
ies against various actin-binding proteins. Confocal im- 
ages summarizing the results are shown in Figure 2. The 
phalloidin label indicates that actin filaments become en- 
riched beneath the cell surface at sites of contact with a 
particle (Figure 2A). Typically, it is the entire area covered 
by the particle at which F-actin is more strongly enriched 
than at other areas of the cell surface. In Figure 2A, the 
area around a second yeast cell, one that is completely 
enclosed by the phagocyte, lacks an F-actin-enriched 
layer, indicating disassembly of actin from mature phago- 
somes. 
Two proteins that bind to filamentous actin in vitro show 
distributions that differ during phagocytosis from that of 
F-actin. a-Actinin is a Ca2+-inhibited F-actin cross-linking 
protein (Noegel et al., 1987; Witke et al., 1993). It does 
not show any regular accumulation at particle-free regions 
of the cell cortex, nor does it consistently accumulate at 
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Figure 1. Uptake of Bacteria and of a Yeast Particle by Cells of D. 
discoideum 
(A and B) Attachment of E. coli cells to filopods of the phagocytizing 
cells (open arrowhead) and to the cell bodies. Tubular protrusions 
(closed arrowhead) surround the bacteria during engulfment. (C) A 
yeast cell encaged by a cup with finger-like extensions on its border. 
The scale bars represent I urn. 
particle-associated areas (Figure 28). Some patches of 
higher a-actinin concentration are irregularly distributed 
at the periphery of the cell. 
Hisactophilins I and II are a pair of myristoylated histi- 
dine-rich proteins that bind actin in a strongly pH- 
dependent manner (&heel et al., 1989; Hanakam et al., 
1995). The hisactophilins exist in a soluble cytoplasmic 
and in a plasma membrane-associated state. Figure 2C 
shows hisactophilin-rich areas that surround the entire 
cell and remain there after yeast attachment. Later, when 
a yeast cell is completely internalized, hisactophilins are 
no longer found at the phagosome membrane (data not 
shown). 
Coronin is known to assemble at extreme positions of 
cell surface extensions (de Hostos et al., 1991). In the 
phagocytic cups, coronin assumes similar positions as in 
leading edges. In Figure 2D, protrusions of free surface 
areas are strongly labeled by anti-coronin antibody (at the 
left region of the cell shown), as are areas around a yeast 
particle that is being taken up (at the right end of the cell). 
In the confocal images shown, the strongest coronin label 
is seen at the side wall near to the border of the cup. 
The peculiar localization of coronin is clearly visualized 
in three-dimensional antibody-labeling patterns recon- 
structed from series of confocal images. Figures 2E and 2F 
show stereo images of D. discoideum cells at two stages of 
yeast uptake. At the earlier stage (Figure 2E), coronin is 
most strongly accumulated in extensions along the rim of 
the cup. These extensions correspond to the protrusions 
surrounding a yeast cell in Figure 1C. At the later stage 
of phagocytosis (Figure 2F), the accumulated coronin 
forms a continuous ring at the borderline of the cup, which 
is closely attached to the surface of the particle. A phago- 
some containing a second yeast particle, one that has 
been completely engulfed, is not distinctly labeled, indicat- 
ing that coronin is involved primarily in the early phase of 
phagocytosis. 
To demonstrate a stable incorporation of coronin into 
the protein layer associated with the membrane of early 
phagosomes, we loaded cells of D. discoideum with mag- 
netobeads. After 5 min, vesicles containing the beads 
were isolated and carefully washed. lmmunoblots of pro- 
teins separated by SDS gel electrophoresis showed that 
coronin was enriched in the phagosomes relative to other 
cellular proteins. A control for the efficacy of purification 
was provided by a-actinin. No a-actinin was detected in 
the phagosomes although EGTA-containing buffer was 
used for their purification to stabilize any interaction of the 
a-actinin with actin (Figure 3). 
Particle-Induced Redistribution of Coronin-GFP 
Recorded by Confocal Fluorescence 
Microscopy In Vivo 
Because of the distinct localization of coronin to phago- 
cytic cups, we have focused our efforts on this protein as 
a marker to study the temporal aspect of particle-induced 
rearrangements in the cytoskeleton. A gene fusion was 
constructed comprising the total coding sequences of cor- 
onin and GFP. The fusion protein contained coronin as 
the N-terminal domain and GFP as the C-terminal domain. 
Control experiments were performed with cells producing 
unfused GFP. 
In Figures 4A and 4B, a series of confocal images were 
compiled to show phagocytic cup formation in coronin- 
GFP- and GFP-producing cells. The particle-induced cell 
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Figure 2. Different Distributions of Actin Fila- 
ments and of Three Actin-Associated Proteins 
in the Cell Cortex and in Phagocytic Cups 
(A) Actin filaments. (B) a-Actinin. (C) Hisacto- 
philin. (D-F) Coronin. (A-D) Four confocal sec- 
tions taken for each labeled protein through 
phagocytic cups from bottom to top. (E and F) 
Stereo images reconstructed from confocal 
sections and tilted by 8O. The color code repre- 
sents relative fluorescence intensities as indi- 
cated by the scales on the right. In (F), the FITC 
label of the two yeast cells is superimposed on 
the TRITC immunofluorescence of coronin to 
make the particles visible within the phagocyte. 
The lengths of the color bars represent 13 urn 
in (A)-(D), 9 pm in (E), and 8 urn in (F). The 
asterisks show the locations of yeast particles. 
surface extensions in these transformants are indinguish- 
able from each other and also from those in untransformed 
cells (see Figure 2). We conclude that presence of the 
coronin fusion product does not significantly impair the 
responses of D. discoideum cells to the attachment of par- 
ticles. 
The intracellular distribution of coronin-GFP differed 
markedly from that of GFP (Figures 4A and 4B). Coronin- 
GFP proved to be already unequally distributed in nonpha- 
gozytizing cells. Continuous fluctuations in its distribution 
in a vigorously motile cell are seen at the upper right corner 
at each timepoint in Figure 4A. At the beginning of the 
sequence, the most strongly labeled structure is a crown- 
shaped extension of the cell surface (0 s). Subsequently, 
the label is concentrated to a leading edge (45 s). After 
an intervening phase of small crown formation (1 min 15 
s), the area of coronin-GFP accumulation is split, repre- 
senting the transient coexistence of two leading edges (1 
min 45 s). Basal fluorescence is recorded throughout the 
cytoplasm (leaving the nucleus and other organelles out 
as dark areas), indicating that, like coronin, part of the 
coronin-GFP exists in a cytosolic state at any phase of 
its redistribution within a cell. 
The phagozytizing cell in the center of each timepoint 
shown in Figure 4A shows the accumulation of coronin- 
GFP at the site of yeast attachment. At the beginning of 
the sequence, the yeast and Dictyostelium cells are in 
close apposition. The first sign of accumulation is seen 
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accumulate in contact with yeast particles in any stage of 
cup formation (Figure 48). 
Ho Ph Ho Ph 
a-actinin 
coronin 
1 2 3 4 
Figure 3. Enrichment of Coronin in Phagosomes after 5 min of Incubat- 
ing D. discoideum Cells with Magnetobeads 
(A) Purified phagosomes showing the iron-containing beads in their 
lumen are covered by a thin protein coat on their cytoplasmic surface. 
(B) lmmunoblots of total proteins in cell homogenates from which 
phagosomes were prepared (Ho) and of purified phagosomes (Ph). 
Quantities of protein loaded per lane of SDS-polyacrylamide gels: 12 
ng (lanes 1 and 3) or 4 ng (lanes 2 and 4). Blots were incubated 
with anti-coronin or anti-a-actinin MAbs followed by ‘251-labeled sheep 
anti-mouse IgG antibody. Intensity of the coronin label is about the 
same in lanes 1 and 2, although in lane 1, 3-fold more total protein 
was loaded. Lanes 3 and 4 show that no detectable amounts of the 
high a-actinin content of the cells were recovered in the phagosomes. 
after 45 s, coinciding with the onset of spreading of the 
cell surface along the particle. In the established cup, the 
entire area in contact with the yeast particle is enriched 
in coronin-GFP, with an accentuated accumulation at the 
rim of the extension (1 min 30 sand 1 min 45 s), compara- 
ble to the coronin immunolabel shown in Figure 2E. At 
the end of the sequence, the cell builds a new front, rich 
in coronin-GFP, opposite to the attached yeast cell (1 min 
30 s), indicating that a phagocytic cup and a leading edge 
can coexist in a cell. We show later that this is a transient 
state. 
In contrast with coronin-GFP, the free GFP was uni- 
formly dispersed in the cytoplasmic space (and had en- 
tered the nucleus). Most importantly, it did not detectably 
Reversibility of Coronin-GFP Accumulation upon 
Cessation of Cup Progression 
Our data show that phagocytosis is reversible in D. dis- 
coideum up to advanced stages of cup formation. In the 
sequence shown in Figure 5A, attachment of a yeast cell 
to a D. discoideum cell is followed, as in Figure 4A, within 
45 s by coronin-GFP accumulation, but after 4 min, cup 
progression ceases. The accumulated coronin-GFP dis- 
sociates completely from the cup, and the phagocyte de- 
taches from the yeast particle. Figure 58 shows a GFP- 
producing control cell that embraces more than half of the 
yeast cell body before the cup regresses up to complete 
separation of the yeast from the phagocyte. 
The sequence shown in Figure 5C is described in detail 
because it points at a relationship of phagocytic cup forma- 
tion and pseudopodial activity. Initially, the cell shown is 
engaged in extending one or two fronts in directions away 
from the attached yeast cell (0 s to 2 min 15 s). After retrac- 
tion of these coronin-GFP-rich extensions, the cell starts 
to build a cup (4 min 15 s). Then, a new pseudopod is 
established at an area opposite to the yeast particle (4 
min 45 s), and coronin-GFP is dislodged from the incipient 
cup (5 min 15 s). Finally, a large leading edge prevails, 
and the yeast particle remains only loosely attached to 
the phagocyte (10 min 30 s). 
The second half of the sequence shows the ultimate 
engulfment of the yeast by the same Dictyostelium cell, 
thus demonstrating that unsuitability of the particle or inca- 
pability of the phagocyte has not been responsible for the 
interruption of phagocytosis. In the presence of a leading 
edge opposite to the yeast particle, the cup proceeds to 
form a hemisphere distinguished by strong coronin-GFP 
accumulation (10 min 45 s to 11 min). Then, when the 
pseudopod is retracted and coronin-GFP displaced from 
it, uptake of the particle is expeditiously completed within 
1 min (12 min). After engulfment of the particle, coronin- 
GFP is gradually removed from the phagosome (12 min 
30 s), beginning at the center of the cell, and the area 
where the cup has been formed is turned into a leading 
edge (13 min). 
Figure 5D shows in parallel to Figure 5C the complete 
engulfment of a yeast particle by a GFP-producing control 
cell. At no stage of uptake is GFP seen to be locally en- 
riched. 
The last two frames of Figure 5A illustrate that, in addi- 
tion to surface extensions and phagocytic cups, a contrac- 
tile vacuole is marked by coronin-GFP accumulation. This 
vacuole, near the left border of the cell, is decorated by 
a fluorescent rosette. Colabeling with FM4-64 (Heuser et 
al., 1993) identified theorganellesdecorated with coronin- 
GFP as the contractile bladders of the vacuolar network 
(data not shown). 
Quantitative Assay of Phagocytosis in Wild-Type 
and Coronin-Null Cells 
To measure particle uptake, we fed cells of D. discoideum 
with heat-killed yeast cells labeled with tetramethylrhoda- 
;yrWn-GFP in Phagocytosis 
Figure 4. Different Distributions of Coronin- 
GFP and GFP in Living D. discoideum Cells 
That Adhere to Yeast Particles 
(A) Coronin-GFP. (B) GFP. Accumulation of 
the fusion protein at cell surface extensions, 
including aphagocyticcup in (A), contrastswith 
the uniform cytoplasmic label of the free GFP 
in (B). (A) and (6) represent series of confocal 
sections taken at the times (in minutes and sec- 
onds) indicated. The asterisks show yeast par- 
ticlesof interest. The heightof theframescorre- 
sponds to 23 pm. 
mine B isothiocyanate (TRITC). The fluorescence of in- 
gested yeast particles was determined after the addition 
of trypan blue to quench the fluorescence of external 
yeast. The yeast concentration was sufficiently high to 
saturate the capacity for adhesion of particles to the 
phagocyte surface. Consequently, subsequent steps con- 
trolled by the cytoskeleton should be rate limiting under 
the conditions used. 
An essential function of the actin system in phagocyto- 
sis was established by the complete blockage of yeast ceil 
uptake with 10 PM cytochalasin A. This blocker of actin 
polymerization has been reported to inhibit bead transport 
on the surface and to disrupt the actin cytoskeleton of 
D. discoideum cells (Jay and Elson, 1992). The effect of 
cytochalasin A on phagocytosis was concentration depen- 
dent and reversible (Figure 6). Even at 10 FM, phagocyto- 
s/s recovered to normal rate after 4-5 hr of incubation with 
the drug (data not shown). 
To establish a role of coronin in phagocytosis, we deter- 
mined the initial rate of particle uptake in wild-type and 
coronin-null mutant cells (de Hostos et al., 1993). A reduc- 
tion to 30% of the wild-type rate was found in the coronin- 
null cells (Figure 7A). The data shown are normalized with 
respect to cell mass. Because of their defect in cytokinesis, 
the coronin-null cells were, on the average, by a factor of 
2.0 larger than the wild-type cells. 
To make the rateof yeast uptake in wild-type and mutant 
cells immediately comparable, we repeated the measure- 
ment of yeast uptake with cells cultivated on bacteria. Re- 
placement of liquid nutrients by bacteria results in mostly 
uninucleate cells even in the coronin-null mutant. Mutant 
cells cultivated in a suspension of Escherichia coli B/r dif- 
fered in volume only by a factor of 1.2 from wild-type AX2 
cells cultivated under the same conditions. A reduction in 
the rate of yeast uptake to 25% of the wild-type rate was 
found in the coronin-null cells grown on bacteria (Figure 
Figure 5. Cessation and Completion of Particle Uptake, Visualized in Confocal Sections through Coronin-GFP- or GFP-Producing Ceils 
(A and C) Visualization of confocal sections through coronin-GFP-producing cells. (6 and D) Visualization of confocal sections through GFP- 
producing cells. (A and 6) Time series showing formation and regression of phagocytic cups. (C) Unsuccessful ingestion followed by successful 
ingestion. (D) Straightforward ingestion of a particle by a cell already filled with five yeast cells. Detailed descriptions are given in the text. The 
times are in minutes and seconds. The asterisks show relevant yeast particles. The height of the frames corresponds to 23 urn. 
Coronin-GFP in Phagocytosis 
921 
3 
10 
30 60 90 
time (mm) 
Figure 6. Effect of Cytochalasin A on Phagocytosis of Yeast Particles 
by Suspended and Shaken D. discoideum Cells 
Numbers on the right of the curves indicate micromolar concentrations 
of cytochalasin A in the cell suspension. Wild-type cells had been 
pretreated for 30 min with the drug. Control cells (0) received only the 
solvent, 0.5% (v/v) of dimethyl sulfoxide. Fluorescence intensities on 
the ordinate reflect numbers of internalized TRITC-labeled yeast parti- 
cles. 
78). Since this reduction is similar to that observed in axe- 
nically grown coronin-null cells, we suppose that, under 
our conditions, cell mass is an appropriate basis for com- 
paring rates of phagocytosis in cells of different sizes. 
Discussion 
Accumulation of Actin-Binding Proteins in 
Phagocytic Cups Is Selective and 
Related to Their Function 
Filamentous actin is considered to be essential for phago- 
cytosis since cytochalasin A blocks phagocytosis almost 
completely (Figure 6). In addition to coronin, myosin I B 
(Fukui et al., 1989) and a 30 kDa actin-bundling protein 
(Furukawa and Fechheimer, 1994) are known in D. dis- 
coideum to assemble together with actin at phagocytic 
cups. Coronin accumulates at the cups within 45 s after 
attachment of a particle and separates from the phago- 
somes within 1 min after ingestion is completed (Figures 
4 and 5). Since data on the dynamics of protein assembly 
are available only from the coronin-GFP experiments, we 
cannot decide whether the three proteins assemble at the 
cups in a defined sequence, with coronin possibly having 
a pathmaker function. 
In a mutant that lacks coronin, the rate of yeast uptake 
is reduced by about 70% (Figure 7). In myosin I B-null 
cells, the rate of phagocytosis is reduced by about 30% 
(Jung and Hammer, 1990). This relatively weak effect is 
probably due to the presence of other myosin I isoforms 
in D. discoideum cells, which may partially compensate for 
the lack of myosin I B (Peterson and Titus, 1994; Hammer, 
1994). The discovery of mutants deficient in the 30 kDa 
actin-bundling protein has not yet been published. 
Accumulation in the cup region is not a general property 
of actin-binding proteins. One of the proteins not accumu- 
lated in phagocytic cups is a-actinin (Furukawa and Fech- 
heimer, 1994; this paper; Figure 2B). This result is in ac- 
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Figure 7. Reduced Rate of Phagocytosis in Coronin-Null Mutant 
HG1569 
Uptake of fluorescent yeast particles by wild-type (closed symbols) 
and mutant (open symbols) cells was assayed as in Figure 6. For (A), 
cells had been cultivated axenically in nutrient medium. The multinu- 
cleate mutant cells had double the volume of wild-type cells under 
these conditions. Cells were adjusted to the same total mass of 1.7 
ul densely packed cells per milliliter of suspension. For (B), bacteria- 
grown wild-type and mutant cells that differed only slightly in volume 
were adjusted to the same number of 2 x 10” ceils per milliliter. Data 
in (A) are from six independent experiments done in parallel with wild- 
type and mutant ceils, while those in (B) are from three independent 
experiments. The lines connect means at each timepoint. 
cord with work on mutants. Elimination of a-actinin and 
120 kDa gelation factor, the two major F-actin cross-linking 
proteins in D. discoideum, does not cause a significant 
reduction in the rate of phagocytosis (Witke et al., 1992). 
Is Coronin a Link between G Proteins and 
the Actin Skeleton? 
Similarities between chemoattractant-controlled cell loco- 
motion and attachment-induced cup formation indicate 
that these two responses are related to each other. An 
early response of D. discoideum cells both in chemotaxis 
and phagocytosis is the extension of portions of the cell 
surface at velocities of about 10 nrn per minute. Local 
stimulation by CAMP elicits a new leading edge, and parti- 
cles induce a phagocytic cup in D. discoideum cells at 
any portion of their surface wherever attachment occurs. 
Leading edges are known to compete with each other 
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(Segall and Gerisch, 1989) and a phagocytic cup can van- 
ish in a cell actively locomoting on a substratum (Figure 
5A). The fluctuation of coronin-GFP between a leading 
edge and a cup suggests competition between these two 
types of cell surface extensions for the recruitment of coro- 
nin and probably other proteins from the cytoplasm. 
Its involvement in chemoattractant-controlled cell loco- 
motion and in particle uptake suggests that coronin con- 
verts signals originating from different processes on the 
cell surface into activities of the cytoskeleton. Since che- 
motactic responses to CAMP are mediated through hetero- 
trimeric G proteins (Devreotes, 1994) and coronin assem- 
bles at the leading edge of a cell (de Hostos et al., 1991) 
it is tempting to assume that coronin is located in signaling 
pathways downstream of the heterotrimeric G proteins. 
In accord with this notion, mutant cells devoid of the Gf3 
subunit are unable to chemotax (Wu et al., 1995) and are 
impaired in the uptake of yeast particles to about the same 
extent as coronin-null cells (M. M. and P. Devreotes, un- 
published data). This result complements the finding that 
in macrophages a Gf3 subunit is localized to phagosomes 
(Desjardins et al., 1994). To integrate incoming signals 
and to transmit them downstream to regulatory proteins 
of the actin system, a protein must form complexes with 
a number of other proteins. Its WD repeat structure predis- 
poses coronin for multiple protein-protein interactions 
(Neer et al., 1994). 
Two questions cannot be answered before the proteins 
interacting with coronin are known: what is the molecular 
basis for the recruitment of coronin from the cytoplasm 
to sites of increased cell surface activity, for instance, to 
leading edges or phagocytic cups, and how does coronin 
act in enforcing cell surface activities at these sites, as 
indicated by the reduction in the rate of phagocytosis and 
by the slowing down of cell movement in coronin-null mu- 
tants? The finding of a coronin homolog in human neutro- 
phils and in brain (Suzuki et al., 1995) suggests a general 
function of coronin-like proteins in controlling the activities 
of motile and phagocytizing cells. Specifically, localization 
of the human homolog of coronin to phagocytic cups of 
polymorphonuclear neutrophils suggests a close relation- 
ship in function of the Dictyostelium and human coronins 
(A. Segal, personal communication). 
Reversibility of Particle-Induced Coronin-GFP 
Accumulation Supports a Zipper Mechanism 
of Phagocytosis 
Our findings also refer to the question of whether phagocy- 
tosis is triggered by the initial attachment of a particle or 
is locally and sequentially controlled according to a zipper 
mechanism (Swanson and Baer, 1995). The option for re- 
lease of a yeast particle even after more than half of its 
body is covered by a cup (Figure 56) argues against a 
trigger initiating a process that would run until uptake is 
completed. Two findings support the zipper model. First, 
the accumulation of coronin-GFP is always restricted to 
the area of the surface that is in close contact with a parti- 
cle. Second, the reversibility of coronin accumulation upon 
interrupted cup formation shows that assembly of coronin 
at the site of attachment is under continuous control during 
the extension of a cup. 
Experimental Procedures 
D. discoideum Wild-Type and Mutant Cells 
D. discoideum strain AX2-214, referred to as wild type, coronin-null 
mutant HG1569, derived from this strain (de Hostos et al., 1993) and 
coronin-GFP- or GFP-producing transformants were cultivated in nu- 
trient medium (Ashworth and Watts, 1970) as described previously 
(Brink et al., 1990) and harvested during exponential growth. Alterna- 
tively, cells were cultivated for the quantitative assays shown in Figure 
78 in a suspension of 1 x 1O’O washed cells of E. coli B/r in 17 mM 
K-Na phosphate buffer (PB) (pH 6.0), according to the method of 
Gerisch (1960). For the electron micrographs shown in Figures 1A 
and 1 B, cells of D. discoideum V-12/M2 were cultivated on nutrient 
agar plates with E. coli B/2. 
The GFP- or coronin-GFP-producing strains were obtained by 
transfecting AX2-214 cells with a pDdGal-15 based vector (Harwood 
and Drury, 1990) and by selection with G418. In these vectors, tran- 
scription of insert sequences is driven by the actin- promoter of D. 
discoideum (Cohen et al., 1986). Inserts contain either the coding 
region of Aequorea Victoria GFP (Prasher et al., 1992) or an in-frame 
fusion of the full-length coronin sequence (de Hostos et al., 1991) 
followed by the GFP sequence (Gerisch et al., 1995). 
Scanning Electron Microscopy 
Wild-type cells incubated for 5 min with heat-killed yeast were fixed 
for 30 min at room temperature with 0.02% OsO,, 1% glutaraldehyde 
in PB, critical-point dried, and gold coated. Cells fed with E. coli were 
similarly processed according to the method of Claviez et al. (1986). 
Phagocytosis of Fluorescent Yeast 
The assay of Hed (1986) employing heat-killed fluorescent cells of 
Saccharomyces cerevisae (FLYs) was modified to study uptake in D. 
discoideum. The yeast cells were labeled with TRITC or, for Figure 
2, with fluorescein isothiocyanate (FITC) and were washed with PB. 
Trypan blue (2 mglml) (Merck) prepared according to the method of 
Hed (1986) and passed through a 0.45 urn pore-sized Millipore filter, 
was used to quench the fluorescence of noningested yeast particles. 
To quantitate uptake, we added 1.2 x 10’ FLYs per milliliter to D. 
discoideum cells washed in PB and resuspended in nutrient medium. 
Samples (10 ml) of 2 x lo6 wild-type cells per milliliter or of an equal 
volume of coronin-null cells per milliliter were shaken in 25 ml Erlen- 
meyer flasks at 150 rpm. Samples of 1 ml were withdrawn at intervals, 
incubated for 3 min with 100 ul of the trypan blue solution, and centri- 
fuged for 3 min at 500 x g. The pellet was resuspended in 1 ml of 
PB and immediately measured in a Kontron SFM 25 fluorescence 
spectrometer at 544 nm for excitation and 574 nm for emission. 
Protein content of the cells was determined using Bradford reagent 
from Bio-Rad. The volume of densely packed cells was measured by 
centrifugation of cells into a graded glass tube according to the method 
of Gerisch (1960). After axenic growth, the average protein content 
per cell was 1.98-fold higher in the coronin-null mutant than in wild 
type. Cell volume was 1.97-fold higher in the mutant than in the wild 
type. After growth in E. coli B/r suspensions, the respective factors 
were 1.20 for the protein content and 1 .18 for the cell volume. Rou- 
tinely, the volume was used to adjust mutant and wild-type cell mass 
in quantitative phagocytosis assays. 
lmmunofluorescence 
Wild-type cells diluted to 5 x 1 O5 cells per milliliter of nutrient medium 
were allowed to adhere to glass coverslips for 30 min. Then, 5 x lo6 
FLYs per milliliter were added and removed after 10 min of incubation 
by two washes in PB. The specimens were fixed with picric acid and 
formaldehyde and postfixed with 70% ethanol according to the method 
of Humbel and Biegelmann (1992), labeled with TRITC-phalloidin 
(Sigma), and scanned in a Zeiss LSM 10 confocal microscope. Alter- 
natively, specimens were incubated with monoclonal antibody (MAb) 
47-18-9 against a-actinin (Schleicher et al., 1988) MAb 54-11-10 
against hisactophilin (Scheel et al., 1989), or MAb 176-3-6 against 
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coronin (de Hostos et al., 1991) followed by TRITC-conjugated goat 
anti-mouse immunoglobulin G (IgG) (Jackson Immunolabs). Confocal 
images of immunolabeled specimens were obtained in a Zeiss LSM 
410 laser scanning microscope equipped with a 543 nm HeNe laser 
and a Zeiss 100 x Plan-Neofluar objective. AVS software (Advanced 
Visual Systems) was employed to attribute false color code to optical 
sections and to reconstruct three-dimensional images. 
Recording of Coronin-GFP and GFP Distributions 
Transfected cells were incubated on glass coverslips with FLYs as 
described for immunolabeling. Confocal sections were obtained by 
scanning at intervals of 15 s in one plane using a Zeiss LSM 410 
inverted microscope. Optical equipment consisted of a 40x Plan- 
Neofluar objective and a 488 nm argon ion laser. It was important to 
optimize the optical conditions for GFP fluorescence without damaging 
the cells. To avoid rounding up and lysis of the cells upon intense light 
exposure, we used the 498 nm absorption peak of GFP for excitation. 
Since the FLYs were strongly labeled with TRITC, the small fraction 
of their emission obtained from excitation at 488 nm was sufficient to 
record their fluorescence together with that of GFP. The green and 
red contributions to the emission signal could be separated by using 
a bandpass filter of 510-525 nm and a longpass filter of 570 nm, 
respectively. The images from green and red channels were indepen- 
dently attributed with color codes and then superimposed using AVS 
software. 
Preparation of Phagosomes 
Phagosomes from wild-type cells were prepared similar to magnetic 
fractionation of phagosomes from macrophages and ciliates (Lutz et 
al., 1993; Vosskijhler and Tiedke, 1993) or pinosomes from D. dis- 
coideum (Nolta et al., 1994). Cells were washed twice in PB, resus- 
pended at 4 x lo6 cells per milliliter in nutrient medium, and allowed 
to recover for 30 min at 23OC. We then added 100 carboxylated para- 
magnetic beads of l-2 nm diameter (Polysciences) per cell. Suspen- 
sion was shaken 5 min, after which phagocytosis was stopped by 
centrifugation at 4OC and by washing three times with ice-cold PB. 
The pellet was resuspended to lo* cells per milliliter in PB and mixed 
with 2 vol of homogenization buffer (30 mM Tris-HCI [pH 7.71, 30% 
sucrose, 2 mM DTT, 4 mM EGTA, 2 mM EDTA, 5 mM benzamidine, 
and 0.5 mM PMSF). After filtration through 30 urn gauze, the cells 
were homogenized by ten passages through a cell-cracker (Bof et al., 
1992). Phagosomes were separated from the lysate by a permanent 
magnet (MPC-1, Dynal) and washed three times in homogenization 
buffer. About 0.5% of the protein input was recovered in the phago- 
somes. For determination of the protein concentration, SDS-PAGE, 
and immunoblotting, we boiled the phagosomes for 5 min in 20 mM 
Tris-HCI (pH 7.5), 0.1% SDS, 1 mM DTT, IO mM EDTA, 0.5% PMSF, 
and the beads were removed by centrifugation. 
For electron microscopy, the phagosomes were fixed for 80 min 
with 0.7% OsO,, 0.8% glutaraldehyde in PB followed by staining en 
bloc with 0.5% uranyl acetate. After resuspension in 10% gelatine, 
the specimen was dehydrated in ethanol and embedded in Epon. Thin 
sections were contrasted with methanolic uranyl acetate (Stempak 
and Ward, 1984) followed by lead citrate (Hanaichi et al., 1988). Micro- 
graphs were taken with a JEM-100 CX transmission electron micro- 
scope. 
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